I. Introduction
===============

Cancer stem cells (CSCs) are defined as having both the ability to self-renew and differentiate, and are comprised of a small population of cancer cells \[[@B27], [@B37], [@B61]\]. CSCs have tumor-initiating cells and are thought to be resistant to chemotherapy and radiotherapy \[[@B5], [@B9]\]. Of all the CSCs identified in solid tumors, breast CSC is one of the most commonly studied \[[@B9]\]. The basal-like subtype of breast cancer that is negative for estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) is referred to as triple-negative breast cancer (TNBC) \[[@B10], [@B24]\]. TNBC is also correlated with a high rate of TP53 mutations \[[@B35]\], and associated with a very poor prognosis and increased risk of metastasis \[[@B3], [@B34]\]. The aggressive nature of TNBC was attributed to the presence of CSCs in the cancer hierarchy \[[@B19], [@B31]\].

Evidence concerning roles of ALDH in breast cancer is accumulating whereby the metastatic and aggressive behavior of inflammatory breast cancer (IBC) is mediated by a CSC component that displays ALDH1 expression \[[@B8]\]. ALDH1A3, one of the subtypes of the ALDH family, was proposed as a novel clinical CSC marker showing a clear correlation between CSC prevalence and the development of metastatic breast cancer \[[@B8], [@B38]\]. ALDH1A3 was found to be expressed in not only CSCs but also highly proliferating progenitor cells in TNBC \[[@B20]\]. Sox-2 (Sex-determining region Y (SRY)-box binding protein-2) plays an important role in the maintenance of the pluripotent stem cell state and regulation of embryonic development \[[@B2], [@B4], [@B44], [@B57], [@B58]\], and is associated with breast CSCs \[[@B26]\]. GATA3 (GATA binding protein 3 to DNA sequence: \[A/T\] GATA\[A/G\]) is a zinc-finger transcription factor that plays an essential role in the differentiation of breast luminal epithelium \[[@B22], [@B53]\].

Vasculogenic mimicry (VM) refers to tumor cells mimicking endothelial cells, which occurs mainly in aggressive tumors \[[@B16]\]. This mechanism provides tumors with a secondary circulation system of vasculogenic structures lined by tumor cells independent from angiogenesis \[[@B36]\]. Actual blood flow through VM in Ewing sarcoma was documented \[[@B54]\]. It was suggested that VM structures consisting of tumor cells might act as functional microcirculation receiving blood supply from host vessels \[[@B12], [@B16]\]. The characteristic association of expressions of VE-cadherin, MMP-2, and MMP-9 with VM formation was reported \[[@B15], [@B51], [@B55]\] and also documented in TNBC \[[@B31], [@B61]\].

The breast cancer cases with marked VM formation tended to be associated with a higher rate of hematogenous recurrence and a lower 5-year survival rate than non-VM cases \[[@B48]\]. VM formation was related to tumor invasion, metastasis, and poor prognosis \[[@B30]\]. TNBC-type patients show a tendency to develop visceral metastases in the early stage of their disease \[[@B7]\]. Patterns of recurrence were characterized by a rapidly rising rate in the first 2 years following diagnosis and a peak at 2 to 3 years, followed by a decline in recurrence risk \[[@B10], [@B28]\].

Increasing evidence suggests that CSCs are involved in VM formation in various tumor types \[[@B12]\]. Strong associations of VM and CSC characteristics with the aggressiveness of TNBC were also suggested \[[@B31], [@B61]\]. High levels of VM formation and ALDH1 were independently associated with metastasis and shorter overall survival (OS) in patients with epithelial ovarian carcinoma \[[@B60]\]. However, the occurrence and mechanisms of VM and the molecular mechanism behind the relationship between CSCs and VM formation are not fully understood.

It was reported that inhibition of VM formation via the ROS/snail signaling axis is mediated by TP53 in breast cancer \[[@B56]\]. The tumor suppressor gene TP53 induces cell cycle arrest and cell death after DNA damage as well as under stress-inducing conditions \[[@B21], [@B41]\]. Overexpression of p53 induces apoptosis and restricts some factors for cellular pluripotency \[[@B41], [@B49]\]. The alternative p53-mediated signaling pathways in breast CSCs lead to an apoptosis-resistant phenotype \[[@B20]\].

In this study, we focused on the apoptosis-resistant subpopulation of TNBC-derived HCC1937 cells with CSC characteristics, and its ability to drive VM formation on matrigel. Our results demonstrate that treatment-resistant subpopulations of TNBC cells show a significant potential for VM formation, suggesting an important role in a highly metastatic potential and poor prognosis.

II. Materials and Methods
=========================

Construction of p53-inducible cell line and cell culture
--------------------------------------------------------

The human breast cancer cell line HCC1937 was purchased from American Type Culture Collection (ATCC). The HCC1937 cells were negative for expressions of ER, PR, and HER2, referred to as a triple-negative tumor, and had mutations of TP53 and BRCA1 \[[@B24]\]. HCC1937 cells were stably transfected with a wt-p53-inducible plasmid (Tet-on Advanced System, Clontech, USA), and one of the isolated clones was designated as HCC1937/p53 and used for the experiments. The HCC1937/p53 cells were cultured in RPMI1640 (Nacalai Tesque, Kyoto, Japan), containing 10% fetal bovine serum (FBS) (SIGMA, USA) \[[@B18]\], and Zeocin^TM^ (1 μg/mL, InvivoGen, USA). The HCC1937/p53 cells were cultured in doxycycline (Takara, 1 ng/mL)-containing media for 1--7 days, and those cells treated with doxcycline for 2 days were designated as Dox2d \[[@B20]\].

Matrigel-based in vitro VM activity assay
-----------------------------------------

Matrigel^®^ (CORNING, USA) was used. Briefly, wells of 8-well culture slides (Falcon^®^, CORNING, USA) were coated with 30--40 μL matrigel at 37°C for 15 min according to the thin gel method (manufacturer's protocol). The cells were suspended in opti-MEM (Life Technologies, USA) without serum and supplemented with 1% GlutaMAX^TM^ (Life Technologies, USA) and spread on matrigel \[[@B17]\]. The cells were seeded on matrigel at 2.45 × 10^5^/well. The slides were incubated in the 5% CO~2~ incubator at 37°C and VM structures were observed under an inverted microscope CKX41 (OLYMPUS, Tokyo, Japan) and photographed with a DP70 digital camera (OLYMPUS, Tokyo, Japan). The photographed color image was converted to a gray-scale image using Fiji/ImageJ software (version 1.52g, Java 1.80_172, NIH) \[[@B11]\]. Quantitative evaluation was performed by a previously described formula ([Fig. 1](#F1){ref-type="fig"}) for VM formation \[[@B1], [@B25]\].

Immunofluorescence
------------------

The cells on matrigel were fixed in 4% paraformaldehyde for 30 min, washed with PBS, and permeabilized with 0.25% TritonX-100 for 10 min \[[@B52]\]. The cells were treated with 10% normal goat serum (SeraCare Life Sciences, MA, USA) for 45 min, and incubated with primary antibodies for anti-ALDH1A3 (Purified Rabbit Polyclonal, ABGENT, 1:50), Ki-67 (Mouse IgG1 monoclonal, DAKO, 1:500), and anti-GATA3 (Mouse IgG2B monoclonal, R&D system, 1:300) at 4°C overnight. Unimmunized rabbit serum or isotype mouse IgG were used as negative controls and no background signals were observed. The specificity of these antibodies has also been widely accepted based on the manufacturer's data sheets, and publications in which specific signal bands are detected by Western blotting, and the cell type-specific immunohistochemical staining patterns have been documented \[[@B42], [@B46], [@B59]\]. Primary antibody binding was detected using Alexa Fluor 488 conjugated goat anti-rabbit IgG (Life Technologies, USA, 1:1,000), Alexa Fluor 680 conjugated goat anti-mouse IgG1 (γ1) (Life Technologies, USA, 1:1,000), and Alexa Fluor 680 conjugated goat anti-mouse IgG (Life Technologies, USA, 1:1,000) secondary antibodies incubated at room temperature for 1 hr. The cells were mounted and counterstained with DAPI (4,6-diamidino-2-phenylindole, dihydrochloride, 300 μg/mL) (Molecular Probes, USA) for nuclear staining. Fluorescence images were captured with a confocal laser scanning microscope (A1, NIKON INSTECH, Tokyo, Japan). Intensities of randomly selected images (total of 13 regions) were quantitatively analyzed for each fluorescence channel using Fiji/ImageJ software (version 1.52g, Java 1.80_172, NIH) \[[@B11]\].

ALDEFLUOR analysis and cell sorting by fluorescence-activated cell sorter (FACS)
--------------------------------------------------------------------------------

The ALDEFLUOR kit (STEMCELL Technologies, Canada) was used to isolate the population with a high ALDH enzymatic activity \[[@B8]\]. HCC1937/p53 cells were suspended in the ALDEFLUOR assay buffer containing ALDH substrate (BAAA, 1 μmol/L per 1 × 10^6^ cells) and incubated at 37°C for 30 min. In each experiment, a sample of cells was incubated with 50 mmol/L of the specific ALDH inhibitor diethylaminobenzaldehyde (DEAB) as a negative control. Flow cytometry sorting was conducted using a Cell Sorter SH800 (SONY, Tokyo, Japan) and SH800 Software (Ver. 2.1.2) (SONY, Tokyo, Japan). ALDEFLUOR fluorescence was excited at 488 nm wavelength and fluorescence emission was detected using a standard FITC 525/50 band pass filter (FL2). The sorting gates were established by distinguishing viable from nonviable cells using 7-aminoactinomycin D (7-AAD) (BD Biosciences, USA). The data were analyzed using SH800 Software (Ver. 2.1.2) (SONY, Tokyo, Japan).

Droplet digital PCR
-------------------

The cultured cells on matrigel *en bloc* were transferred to a microcentrifuge tube. Total RNA was extracted with TRIzol^®^ (Life Technologies, USA) and cDNA was synthesized using SuperScript^®^ III reverse transcriptase (Life Technologies) \[[@B11]\]. Droplet digital PCR (ddPCR) was performed using the QX100^TM^ Droplet Digital^TM^ PCR system (Bio-Rad Laboratories, Hercules, CA, USA) and according to the manufacturer's protocol. Reaction mixtures were prepared with ddPCR SuperMix (Bio-Rad Laboratories), 62.5 ng of cDNA template TaqMan^®^ probes (Thermo Fisher Scientific, USA) for GAPDH (Hs03929097_g1), VE-cadherin (Hs00170986_m1), MMP-2 (Hs01548727_m1), and MMP-9 (Hs00957562_m1). The reaction mixture sample and Droplet Generation Oil for Probes (Bio-Rad Laboratories) were transferred to the Droplet Generator DG8 Cartridge (Bio-Rad Laboratories) and droplets were generated with QX100 ddPCR Droplet Generator (Bio-Rad Laboratories). Droplets were transferred to a 96-well PCR plate (Eppendorf, Hamburg, Germany), and the plate was then heat-sealed with pierceable foil in Heat Sealer (Eppendorf, Hamburg, Germany) and placed in C1000 Touch^TM^ Thermo Cycler (Bio-Rad Laboratories). Conditions of thermal cycles were as follows: 95°C for 10 min, 40 cycles of 94°C for 30 sec, 60°C for 1 min followed by 98°C for 10 min (ramp rate 1°C/sec). The FAM^®^ channel fluorescence was individually detected by QX100 ddPCR Droplet Reader (Bio-Rad Laboratories) and analyzed by QuantaSoft^TM^ software (Ver. 1.3.2.0) (Bio-Rad Laboratories) via Poisson statistics to quantify copies per μL of reaction volume. For each sample, data were normalized to GAPDH.

Statistical analysis
--------------------

All experiments were repeated at least three times. Results are expressed as Means ± SE. Differences of the values were analyzed by Student's t-test for comparison of two groups (Bell Curve for Excel Ver. 2.2.1). P \< 0.05 was considered significant.

III. Results
============

VM formation of cells
---------------------

The HCC1937/p53 cells exhibited various cellular sizes and pleomorphism and showed irregularly arranged aggregation without forming particular structures. The shape of individual cells was flat in a flask ([Fig. 2](#F2){ref-type="fig"}a). On the other hand, the cells cultured on matrigel for 24 hr formed mesh-like or honeycomb structures which were similar to vascular structures ([Fig. 2](#F2){ref-type="fig"}b). These structures are known to also be formed in breast cancer as VM. The basic structures of VM were divided into two regions. The aggregated regions (A region) are 4 or more cells thick, whereas the bridging regions (B region) are 1--3 cells thick. Interestingly, distribution analysis using Temporal-Color Code (Fiji/ImageJ) revealed three-dimensional (3D) structures in the B region ([Fig. 2](#F2){ref-type="fig"}c and [2](#F2){ref-type="fig"}d). Expression levels of VM-related genes, VE-cadherin, MMP-2, and MMP-9 were then analyzed \[[@B12], [@B31], [@B55], [@B61]\] to confirm that the honeycomb structures in our experiments were formed by the mechanisms of *bona fide* VM formation ([Fig. 3](#F3){ref-type="fig"}). Although the expression levels of MMP-2 were almost the same between the flask control and VM, those of VE-cadherin and MMP-9 were significantly increased.

Distribution of CSCs in VM structures
-------------------------------------

The expression patterns of ALDH1A3, a breast cancer stem cell marker, and GATA3, a luminal differentiation marker, were examined in the process of VM formation by immunofluorescence microscopy. The cells that expressed ALDH1A3 tended to be localized in the B region. In contrast, the A region was characterized by expression of the ductal differentiation marker GATA3 ([Fig. 4](#F4){ref-type="fig"}A). More proliferating cells were seen in the B region compared with the A region demonstrated by the Ki-67^+^ cells ([Fig. 4](#F4){ref-type="fig"}B). To prove this preferential localization, quantitative analysis measuring the intensity of immunofluorescence was performed in each region ([Fig. 4](#F4){ref-type="fig"}C). Statistical analysis of the relative fluorescence intensities (B region/A region) strongly suggested that the ALDH1A3^+^ cells and the Ki-67^+^ proliferating cells tended to be localized in the B region while the GATA3^+^ cells were in the A region (P \< 0.05).

CSCs and VM formation
---------------------

CSCs are known to be capable of producing vascular-like structures *in vitro* \[[@B63]\] and *in vivo* \[[@B43], [@B55]\]. To examine the ability of CSCs to form VM, the aldefluor assay was performed, which allowed us to detect ALDH activity and sort ALDH^+^ and ALDH^−^ cells by FACS ([Fig. 5](#F5){ref-type="fig"}A). To prepare negative control samples, the ALDH inhibitor DEAB was added to establish the fluorescence baseline of the cells (red range: 0.11%). In test samples, ALDH-activated cells without DEAB treatment showed excessive fluorescence beyond the baseline increase in the number (red range: 51.77%) and were defined as ALDH^+^ cells. The cells with the lowest ALDH activity collected from the blue range were designated as ALDH^−^ (blue range: 11.59%). The sorted cells were then seeded on matrigel and cultured for 24 hr ([Fig. 5](#F5){ref-type="fig"}B). The ALDH^+^ cells showed conspicuous VM formation whereas ALDH^−^ cells did not show any sprouting or aggregation, and remained round-shaped.

Apoptosis-resistant HCC1937/p53 cells and VM formation
------------------------------------------------------

Our previous study showed that HCC1937/p53 cells resistant to p53-induced apoptosis contain enriched CSCs, which were indicated by increased expression of the stem markers, ALDH1A3 and Sox-2 ([Fig. 6](#F6){ref-type="fig"}). Based on the results of time-course studies, Dox2d cells were chosen because CSC-enriched populations were expected from the higher expression levels of both marker genes for CSCs. In addition before each experiment on matrigel, the induced high expression levels of ALDH1A3 and Sox-2 were reconfirmed by real-time PCR ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}).

In control cells without doxycycline treatment, VM formation was completed in 24 hr, and then it gradually waned, probably due to the serum-free culture conditions ([Fig. 7](#F7){ref-type="fig"}A). Dox2d cells, which were treated with doxycycline for 2 days, formed VM 6 hr earlier than the control cells, and then similarly collapsed afterwards ([Fig. 7](#F7){ref-type="fig"}A). Actually, Dox2d cells rapidly formed VM at a higher speed than the control cells, based on linear regression analysis from 1 to 6 hr ([Fig. 7](#F7){ref-type="fig"}B).

IV. Discussion
==============

VM has been recognized in various types of cancer, such as breast cancer, liver cancer, glioma, ovarian cancer, melanoma, prostate cancer, and is bidirectional based on differentiated malignant tumors \[[@B60]\]. In an *in vivo* setting, vessel-like structures associated with malignant melanoma were devoid of endothelial cells \[[@B36]\], and blood flow was demonstrated in vessel-like tubes formed in Ewing sarcoma \[[@B54]\]. On the other hand, in *in vitro* studies, sinusoidal and tubular structures were documented by histological cross-section of cultures on matrigel involving salivary adenoid cystic carcinoma \[[@B55]\] and melanoma \[[@B36]\]. Instead of the in-gel method of matrigel culture, we chose the thin-gel culturing method, in which the three-dimensional cellular arrangement was successfully visualized by the color-coded multi-image TIFF method (Fiji/ImageJ) ([Fig. 2](#F2){ref-type="fig"}c and [2](#F2){ref-type="fig"}d).

Roles of stem-like cancer cells in induction of VM were suggested in various cancer types. For example, stem-like cancer cells were identified and isolated by ALDH activity \[[@B25]\], by the ability of mammosphere formation \[[@B32]\], and by expressions of CD133 \[[@B31], [@B55]\], CD44^+^/CD24^−^ \[[@B25], [@B39]\], and Sox-2 \[[@B26]\]. In inflammatory breast cancer (IBC) with a poor prognosis, invasion and metastasis were mediated by subpopulations of cells that exhibited ALDH activity \[[@B8]\], and correlated with a high rate of VM formation \[[@B48]\]. In a xenograft tumor of IBC, a VM-angiogenesis junction was identified, suggesting the possible role of VM in metastasis \[[@B47]\]. The HCC1937 cells we used were derived from basal-like breast cancer \[[@B24]\] showing a higher ratio of ALDH^+^ CSCs \[[@B6], [@B19], [@B20]\]. The conspicuous ability of FACS-sorted ALDH^+^ cells to form VM was previously documented in breast cancer cells \[[@B25]\], which is consistent with the consensus that VM is a marker of a poor prognosis associated with malignancies \[[@B60]\]. In this study, we demonstrated that the ALDH^+^ cells were capable of forming VM in 24 hr while the ALDH^−^ cells lacked this ability. These results clearly indicate that the cells with the property of CSCs in ALDH^+^ subpopulations are essential for their ability to form VM.

Immunofluorescence analysis on matrigel revealed the preferential localization of ALDH1A3^+^ cells in the VM-forming B regions, suggesting possible roles of CSCs in proceeding VM. According to our previous study, activation of CSCs with ALDH1A3 overexpression was followed by cell proliferation with Ki-67 expression, and further cell differentiation with GATA3 expression \[[@B20]\]. Therefore, activated CSCs first started cell proliferation with Ki-67 expression in the B region and further differentiated to GATA3^+^ cells in the A region, which resulted in VM formation. Although GATA3 is a marker of mammary ductal morphogenesis, modulation of its expression was also verified in vasculogenesis and angiogenesis of human embryonic stem cells \[[@B13]\], and essential for the activation of human endothelial cells \[[@B50]\]. Thus, our results suggest the critical role of CSCs in the initiation of VM formation.

There may be several reasons why the Dox2d cells exhibited more rapid VM formation compared with FACS-sorted ALDH^+^ cells. First, the rate of p53-resistant cells on Dox2d was 31.05% of the total HCC1937/p53 cells ([Fig. 6](#F6){ref-type="fig"}), while 51.77% of ALDH^+^ cells isolated by FACS were used ([Fig. 5](#F5){ref-type="fig"}A). Therefore, Dox2d cells used for the VM-forming assay would have contained more CSCs capable of VM formation. Second, VM occurs under some stressed conditions when the tumor environment is hypoxic or tumor cells require an increased blood supply \[[@B23], [@B29]\], resulting in further transformation to a more aggressive cancer phenotype. Similarly, the cells under the stress of p53-induced apoptosis may acquire the ability to form VM if they are able to survive. Downregulation of VM formation induced by enhanced expression of the p53 gene was reported, suggesting a possible relationship between VM formation and p53 overexpression \[[@B56]\]. The Dox2d cells in our experiments showed a strong VM-forming capability, probably because some mechanism for generating p53 resistance may have restored the ability to form VM. In fact, p53-resistant Dox2d cells expressed not only significant amounts of ALDH1A3, Sox-2, and GATA3, but also expressed VM-related factors, including VE-cadherin and MMP9 ([Supplementary Fig. S2](#SD2){ref-type="supplementary-material"}).

Vasculogenic mimicry refers to the ability of some malignant cells to start a dedifferentiation process to adopt multiple cellular phenotypes, including endothelial-like properties \[[@B36], [@B64]\]. The reactivation of stem cell-associated markers or pluripotency factors may cause dedifferentiation and a more stem cell-like state. Epithelial-mesenchymal transition (EMT) is one of the dedifferentiation processes that plays an integral role in tumor progression \[[@B40]\]. Sox-2 regulates self-renewal and maintenance in cancer stem cell populations in various cancer types \[[@B14]\]. In fact, expression of Sox-2 was upregulated in the presence of VM formation according to our data ([Supplementary Fig. S3](#SD3){ref-type="supplementary-material"}).

TNBC is known to be a poor prognostic and drug-resistant tumor because it may contain more CSCs than other types of breast cancer \[[@B7], [@B10]\]. As one of the mechanisms for these characteristics, the occurrence of VM formation in TNBC has been proposed \[[@B31], [@B61], [@B62]\]. In our experiments, the TNBC-derived HCC1937/p53 cells rescued from p53-induced apoptosis exhibited stem-like properties and accelerated VM formation. This is the first direct evidence that treatment-resistant subpopulations in TNBC play important roles in VM formation. Anti-VM formation therapy would be an alternative method to block blood supply to tumor cells when anti-angiogenesis therapy is ineffective.

V. Conflicts of Interest
========================

The authors declare that there are no conflicts of interest.

VI. Acknowledgments
===================

This work was supported by JSPS KAKENHI Grant Number 15K08411 and collaboration with MEDIC Co., Ltd.

Supplementary Materials
=======================

###### Supplementary Fig. S1.

Analysis of mRNA expression of ALDH1A3 and Sox-2 in Dox2d cells by real-time PCR. The cycle threshold values were converted to relative gene expression levels by the ΔΔCt method \[[@B33], [@B45]\].

###### Supplementary Fig. S2.

Analysis of VM-related gene expression in Dox2d cells by ddPCR. Control: Cells cultured in flask. Dox2d: Cells cultured with doxycycline for 2 days in flask. Relative mRNA expression level is calculated by dividing each value of VM-related gene by that of GAPDH. Means ± SE are obtained from four independent assays for controls and five independent assays for VM experiments. \*P \< 0.05, \*\*P \< 0.05, and \*\*\*P \< 0.05 (Student's t-test).

###### Supplementary Fig. S3.

Expression of Sox-2 in the process of VM formation by immunofluorescence and ddPCR analysis. Gene expression patterns in the process of VM formation. Expression of Sox-2 (cytoplasm, red). Nuclei are stained with DAPI (blue) (Bar = 100 μm). Relative mRNA expression level is calculated by dividing values of Sox-2 gene by those of GAPDH (Sox2/GAPDH). Control: Cells cultured in flask. VM: Cells cultured on matrigel for 24 hr. Means ± SE are obtained from three independent assays for controls and five independent assays for VM experiments.\*P \< 0.05 (Student's t-test).

![Formula for quantification of the VM score. The VM score was assessed by a modified formula. **A**: Each cell within the optical field is counted and this number is referred to as the "total number of cells". Each cell that shows sprouting is given 1 point. When two or more prolongations unite and form connected cells, 2 points are awarded to each cell involved in this process. The formation of a polygon is given an additional 3 points. Thus, the score for sprouting, connected cells, and polygons is divided by the total number of cells. **B**: The presence of a complex mesh (luminal structures consisting of walls of two to three cells thick) is given a score of 1 and is added to the total value. This score is added once per optical field. If this complex structure is present and the walls are four or more cells thick, then a score of 2 is awarded. The absence of complex mesh receives 0 points. The individual final scores are derived from a total of ten fields each in three independent experiments.](AHC18041f01){#F1}

![VM formation of HCC1937/p53 cells on matrigel. **a**) **b**) Microscopic appearances of the cellular structures 24 hr after seeding on matrigel are photographed using an inverted phase contrast microscope. **a**: Cultured in flask for 24 hr. **b**: Cultured on matrigel (Bar = 200 μm). The aggregated regions (asterisks) are 4 or more cells thick, whereas the bridging regions (arrowheads) are 1--3 cells thick. **c**) **d**) The cells were stained with DAPI and photographed using a confocal laser scanning microscope. The 3D structures in the B regions are shown using Temporal-Color Code of Fiji/ImageJ software. Twenty-four vertical serial sections (each 1.0 μm thick) were stacked and displayed with the color code according to the depth of the nuclear location. **c**: Cells cultured on APS-coated slides for 24 hr. **d**: Cells cultured on matrigel for 24 hr (Bar = 100 μm).](AHC18041f02){#F2}

![Detection of VM-related gene expression in cells on matrigel by ddPCR. Control: Cells cultured in flask. VM: Cells cultured on matrigel. Relative mRNA expression level is calculated by dividing each value of the VM-related gene by that of GAPDH. Means ± SE are obtained from four independent assays for controls and five independent assays for VM experiments. \*\*P \< 0.01, \*P \< 0.05 (Student's t-test).](AHC18041f03){#F3}

![Localization of gene expression patterns in the process of VM formation by double immunofluorescence analysis. Gene expression patterns in the process of VM formation. **A**: Expressions of ALDH1A3 (cytoplasm, green) and GATA3 (nuclear, read). **B**: Expressions of ALDH1A3 (cytoplasm, green) and Ki-67 (nuclear, read). Nuclei are stained with DAPI (blue). Quantitative evaluation of the expression patterns by relative fluorescence intensities. The average values of relative fluorescence intensities are obtained from the cells in yellow open squares: B region, and white open squares: A region (Bar = 100 μm). **C**: Values are obtained by dividing the total intensities by the numbers of cells in each region. Then, relative intensities (Means ± SE) are calculated as average values of the B region (n = 7) divided by those of the A region (n = 6). The experiments were repeated three times. \*P \< 0.05, \*\*P \< 0.05 (Student's t-test)](AHC18041f04){#F4}

![Ability of FACS-sorted ALDH^+^ cells to form VM. **A**: Isolation of ALDH^+^ and ALDH^−^ cells by the aldefluor assay. In control, DEAB ALDH inhibitor was added to establish the baseline fluorescence of the cells (red range: 0.11%) of ALDH^+^ cells are defined as the cells exhibit the aldefluor activity exceeded the baseline (51.77%). ALDH^−^ cells are defined as in the blue range, removing the intermediate range (11.59%). In order to select living cells, 7-AAD for nuclear staining was added, and the stained cells were regarded as dead cells and removed. **B**: VM formation of ALDH^+^ and ALDH^−^ cells cultured on Matrigel for 24 hr (Bar = 200 μm).](AHC18041f05){#F5}

![The expression patterns of ALDH1A3 and Sox-2 in Dox-treated cells. The time-course changes of the percentage of ALDH1A3^+^ cells and Sox-2^+^ cells in our previous study \[[@B20]\] are shown. Residual HCC1937/p53 cells indicate apoptosis-resistant cells in those showing Dox-induced p53 overexpression.](AHC18041f06){#F6}

![Accelerated VM formation on matrigel in apoptosis-resistant subpopulations of HCC1937/p53 cells. **A**: The cells on doxycycline for 2 days were seeded in matrigel and cultured. The control cells were not treated with doxycycline. **B**: The time-course changes of VM scores were calculated by the formula in [Fig. 1](#F1){ref-type="fig"}. Each line graph is modified by linear regression (Control: R^2^ = 0.9927, Dox2d: R^2^ = 0.9043) and shown as a dotted line.](AHC18041f07){#F7}
